Abstract Osteoimmunology is new field of research dedicated to the study of the interactions between the immune system and bone. Among the cells of the immune system that regulate bone and hemopoietic cells are T lymphocytes. These cells secrete osteoclastogenic cytokines such as RANKL and TNF, as well as factors that stimulate bone formation and hemopoietic cells, one of which is Wnt10b. This article will review the evidence that T cells are implicated in the mechanism of action of parathyroid hormone (PTH) in bone and on the hemopoietic system.
PTH plays a critical regulatory role in calcium metabolism. Secreted in response to small decrements in serum ionized calcium, this hormone defends against hypocalcemia, in part by stimulating bone resorption and thereby the release of calcium from the skeleton. In addition to its role in regulating the level of serum calcium, sustained overproduction, or in vivo continuous infusion of PTH (cPTH), is a cause of bone disease. Secondary hyperparathyroidism has been implicated in the pathogenesis of senile osteoporosis [1] , and primary hyperparathyroidism, is associated with accelerated bone loss and osteopenia [2] . However, when injected daily in humans and animals at low dose, a regimen known as intermittent PTH (iPTH) treatment, the hormone stimulates trabecular and cortical bone formation, leading to marked increases in bone volume and strength [3] . Attesting to potency, iPTH, has been shown to decrease the risk of fractures in humans, and is an FDA approved treatment modality for postmenopausal women and men with osteoporosis [4] .
PTH exerts its anabolic activity by binding to the PPR receptor (also known as PTH-1R), which is expressed on osteoblasts (OBs), osteocytes, and stromal cells (SCs) [5] . Mice lacking PPR have decreased trabecular bone and increased thickness of cortical bone during fetal development [6] . Conversely, osteoblastic expression of the constitutively active PPR display a substantial increase in trabecular bone volume and a decrease in cortical bone thickness of the long bones [7] . Transgenic mice expressing a constitutively active PTH receptor exclusively in osteocytes also exhibit increased bone mass and bone remodeling, as well as reduced expression of the osteocytederived Wnt antagonist sclerostin, increased Wnt signaling, increased osteoclast (OC) and OB number, and decreased OB apoptosis [8] . PTH receptor signaling in osteocytes has been shown to increase bone mass and the rate of bone remodeling through LRP5 dependent and independent mechanisms, respectively [9] .
PTH promotes bone formation by increasing the number of OBs [10, 11] through multiple effects, including activation of quiescent lining cells [12] , increased OB proliferation [13] and differentiation [14] , attenuation of pre-OB and OB apoptosis [15, 16] , and signaling in osteocytes [8] . However, the specific contribution of each of these effects to the overall anabolic activity of PTH remains controversial.
One of the major effects of PTH is to activate Wnt signaling in osteoblastic cells. Activation of Wnt signaling induces OB proliferation [17] and differentiation [18] , prevents pre-OB and OB apoptosis [19] , and augments OB production of OPG [20] . Wnt proteins initiate a canonical signaling cascade by binding to receptors of the Frizzled family together with coreceptors, members of the lowdensity lipoprotein receptor-related protein (LRP) family, LRP5 and LRP6, which results in the stabilization of cytosolic b-catenin. A nuclear complex of beta-catenin and the T cell factor/lymphoid enhancer factor (TCF/LEF) family of transcription factors then interacts with DNA to regulate the transcription of Wnt target genes [21] . Wnt proteins also signal through non-canonical pathways that involve the Src/ERK and Pi3K/Akt cascades [19] .
PTH is a canonical Wnt signaling agonist that increases b-catenin levels in osteoblastic cells [22] . PTH, once bound to PPR, is also capable of forming a complex with LRP6 which results in LRP6 signaling and b-catenin activation [23] . Thus, PTH activates Wnt signaling in osteoblastic cells through both Wnt ligands dependent and Wnt ligands independent mechanisms. Moreover, PTH down regulates the production of sclerostin, an osteocyte-derived Wnt antagonist that blocks Wnt signaling by binding to LRP5 and LRP6 [24, 25] . Recently, convincing evidence has emerged that PTH receptor signaling in osteocytes and the resulting direct regulation of sclerostin production play a particularly relevant role in the anabolic activity of PTH [8] . PTH also regulates Dickkopf-1, a soluble LRP5 and LRP6 signaling inhibitor [22] , and Sfrp-4, a factor that binds Wnt proteins thus antagonizing both canonical and non-canonical Wnt signaling [26] . Uncertainty remains with regard to the identity and the source of Wnt ligands which activate Wnt signaling in response to PTH treatment are not completely understood.
In addition, PTH has important effects on the hemopoietic system. PTH expands the hemopoietic stem cells (HSCs) pool and regulates the activity of the HSC niche [27] , the specialized microenvironment that maintains HSPs. Accordingly, patients with primary hyperparathyroidism have an increased number of circulating bone marrow derived HSCs in the peripheral blood [28] . Moreover, some PTH regimens increase the population that can later be mobilized by G-CSF [29] , while others induce mobilization of progenitor cells from the BM into the peripheral circulation [30] , thus mimicking the effects of G-CSF. Because of these properties, PTH has been investigated as a potential therapeutic agent to enhance HSCs mobilization [31] .
A pivotal effect of PTH is that of increasing the HSC pool through regulatory actions on the HSC niche. The HSC niche comprises a variety of cells including SCs and OBs [32] . Early studies had linked this activity of PTH to its capacity to increase the osteoblastic expression of the Notch ligand, Jagged1, leading to the activation of Notch signaling in HSCs in vivo [27] .
T cells and PTH induced bone loss
T lymphocytes, expresses functional PPR [33] , responds to PTH [34] , and stimulates OB differentiation [35] . Hory et al. [36] were the first to suggest a link between T cells and PTH as they reported that transplantation of human parathyroid gland fragments from patients with primary hyperparathyroidism into nude mice fails to stimulate OC formation and bone resorption. These observations prompted more in depth investigations on the role of T cells as mediators of the pro-resorptive effect of cPTH treatment. We found that an infusion of cPTH that mimics hyperparathyroidism fails to induce OC formation, bone resorption, and cortical bone loss in mice lacking T cells [37] . By contrast, cPTH equally stimulated bone formation in T cell replete and T cell deficient mice. These studies further revealed the existence of a cross-talk between T cells and SCs mediated by the CD40L/CD40 signaling system ( Fig. 1 ). T cells sensitize SCs to PTH through CD40L, a surface molecule of activated T cells that induces CD40 signaling in SCs. Attesting to the relevance of CD40L, mice lacking T cells or T cell expressed CD40L possess SCs that produce lower amount of RANKL and have an even smaller suppression of OPG secretion in response to PTH. Therefore, SCs from T cell deficient mice have a lower capacity to support OC formation in vivo and in vitro [37] . Moreover, cPTH stimulates T cell production of TNF [38] . TNF further increases the SC production of RANKL, and upregulates the expression of CD40 in SCs, thus increasing their response to T cell expressed CD40L. Attesting to the relevance of T cell produced TNF, cPTH fails to induce bone loss and stimulate bone resorption in mice specifically lacking T cell TNF production [38] . We have also shown that conditional silencing of the PTH receptor PPR in T cells blunts the stimulation of bone resorption induced by cPTH without affecting bone formation, thus blocking cortical bone loss and converting the effects of cPTH in trabecular bone from catabolic to anabolic [38] . These findings demonstrate the critical relevance of direct PPR signaling in T cells.
It is now known that the survival of naive T cells and some memory T cells requires continuous contact with a diverse repertoire of self Ags bound to MHC molecules [39, 40] .
Consistent with a requirement for T cell survival, we found that cPTH did not induce bone loss in mice lacking class I MHC or class II MHC-TCR interactions [41] . Endocrine (2013) 44:576-582 577 Additional studies revealed that cPTH does not increase MHC-TCR interactions, thus suggesting that cPTH activity requires tonic interactions of T cells and MHC complexes bound to self-peptides. We also found that cPTH does not increase T cell activation. Production of TNF in the absence of enhanced expression of activation markers is a feature of T cells undergoing ''bystander activation,'' a process mediated by cytokines produced by other cells [42] . Thus, T cell production of TNF may require not only direct PPR signaling in T cells but also T cell stimulation by cytokines produced by other cells [42] . A second set of signals required for T cell survival and function is provided by the interaction of the costimulatory molecules on antigen presenting cells with the T cell expressed counter receptors such as CD28. A pharmacological approach to test the role of costimulation is provided by Abatacept, an agent approved for the treatment of Rheumatoid Arthritis. We found that PTH induced bone loss is prevented using this inhibitor of costimulation [41] . These findings provide further evidence of a novel regulatory link between the immune system and the mechanism of action of PTH.
Role of T cells in the anabolic activity of intermittent PTH treatment
The hypothesis that T cells may play a role in the anabolic response to iPTH was first proposed by Pettway et al. [43] , who investigated the effects of daily injections of PTH for up to 7 weeks on the growth of ectopic ''ossicles'' implanted in nude mice. This investigation disclosed that iPTH increased the bone content of the implanted WT ossicles, a structure that contains normal BM, but failed to induce vertebral bone growth in host nude mice, a strain devoid of T cells [43] .
These observations were followed by our investigation on whether T cells contribute to the anabolic response to iPTH. Studies conducted in T cell deficient mice revealed that mice lacking T cells, exhibit a blunted increase in bone formation and trabecular bone volume in response to iPTH [33] . Furthermore, adoptive transfer of T cells into T cell deficient mice restored a normal response to iPTH. T cells were found to augment the capacity of iPTH to improve architecture in trabecular but not in cortical bone. Although the reason of this selectivity is unknown, a lack of access of T cells to cortical surfaces is not a likely explanation, as T cells reach endosteal and periosteal bone surface through blood vessels and recirculate in and out of the BM [44] .
The effects of iPTH on bone volume and the indices of bone strength measurable by lCT are blunted but not abolished in the absence of T cells. By contrast, direct measurements of bone strength by 4-point bending revealed that the capacity of iPTH to improve bone strength is completed dependent on the presence of T cells. Although the reason for this discrepancy is unknown, is possible that T cells might be required to improve the material property of bone. It should also be noted that while the stimulation of bone formation induced by iPTH was severely blunted in T cell deficient mice, T cells did not improve the capacity of cPTH to stimulate bone formation. The reason for this critical difference remains to be determined.
With regard of the mechanism by which T cells potentiate the bone anabolic activity of iPTH, studies have disclosed that in the absence of T cells iPTH is unable to increase the commitment of SCs to the osteoblastic lineage, induce OB proliferation and differentiation, and mitigate OB apoptosis. All of these action of PTH were found to hinge on the capacity of T cells to activate Wnt signaling in osteoblastic cells [33] . Although it is well established that Wnt activation is a key mechanism by which iPTH expands the osteoblastic pool, little information is available on the nature and the source of the Wnt ligand required to activate Wnt signaling in OBs. We have found that PTH stimulates BM CD8? T cells to produce large amounts of Wnt10b [33] , a Wnt protein which activates Wnt signaling in SCs Fig. 1 Schematic representation of the role of T cells in the mechanism by which continuous PTH induces bone loss. PTH binding to PPR in T cells stimulates the production of TNF. This cytokine increases CD40 expression by SCs. Binding of CD40 by T cell expressed CD40L increases SC sensitivity to PTH resulting in enhanced SC production of RANKL and diminished secretion of OPG in response to PTH. T cell produced TNF further stimulates OC formation through its direct effects on maturing OC precursors. The red arrows represent the main modifications induced by activation of PPR signaling in T cells. Reproduced with permission from Tawfeek et al. [38] and OBs, thus increasing OB proliferation, differentiation, and life-span. Treatment with iPTH also caused a small increase in the production of Wnt10b by BM CD4? cells. The relevance of CD8? cells was demonstrated by the inability of iPTH to promote bone anabolism in class I MHC-/-mice, a strain that lacks CD8? cells [33] . Additional studies revealed that iPTH does not improve bone architecture in T cell deficient mice reconstituted with CD4? cells, while it does so in mice adoptively transferred with CD8? cells [33] . The pivotal role of T cell produced Wnt10b was revealed by the hampered effect of iPTH on bone volume in global Wnt10b null mice [45] and T cell null mice reconstituted with T cells from Wnt10b-/-mice [33] .
Together the data indicate that CD8? T cells potentiates the anabolic activity of PTH by providing Wnt10b, which is a critical Wnt ligand required for activating Wnt signaling in osteoblastic cells Therefore in the absence of CD8? cells, stimulation of osteoblastic cells by PTH is not sufficient to elicit maximal Wnt activation due to the lack of a critical Wnt ligand (Fig. 2) . The residual bone anabolic activity of PTH observed in T cell deficient mice is presumably due to ligand independent activation of LRP6 [23] , and suppressed production of sclerostin [8, 24, 25] .
Our earlier studies did not reveal whether direct activation of PPR receptors in T cells by PTH is required for iPTH treatment to exert its full anabolic activity. To address these issues we made use of PPR T cells -/-mice, a strain with a silent PPR in all T cells [38] . First, we treated PPR T cells -/-with iPTH for 4 weeks to determine whether the hormone induces T cell production of Wnt10b by directly targeting T cells. These studies disclosed that iPTH increased Wnt10b mRNA levels in T cells from control mice. By contrast PTH had no stimulatory effects in T cells from PPR T cells -/-mice [45] . Next we addressed the question of whether iPTH increases bone volume by directly activating the PPR receptor in T cells. We found that the capacity of iPTH to increase trabecular bone volume was decreased, but not completely abolished, in young PPR T cells -/-mice. By contrast, the anabolic activity of iPTH was completely blocked in mature PPR T cells -/-mice. These findings suggest that the contribution of T cells to the activity of iPTH increases with age. Analysis of histomorphometric and biochemical indices of bone turnover and cellular studies revealed that silencing of PPR signaling in T cells blunts the stimulation of osteoblastogenesis and bone turnover induced by iPTH. In summary the data demonstrate that T cells are direct targets of PTH that play a pivotal role in the osteoblastogenic response to iPTH (Fig. 3) .
Interestingly our data show that continuous activation of PPR in T cells induced by continuous PTH treatment is required for the hormone to stimulate bone resorption but not bone formation [38] . The changes in bone turnover induced by cPTH reflect the capacity of continuous activation of PPR in T cells to increase the production of TNF but not of Wnt10b [38] . By contrast, intermittent activation of T cell expressed PPR by iPTH is required for the hormone to fully stimulate bone formation and bone resorption. Moreover, intermittent activation of T cell expressed PPR induces T cell production of Wnt10b but not of TNF [45] . Thus, cell autonomous effects of PTH in T cells resulting from intermittent or continuous PPR signaling play pivotal roles in the overall mechanism of action of PTH in bone.
Role of T cells on the expansion of HSCs induced by PTH
Although it is well established that iPTH expands HSCs, the specific HSC population regulated by iPTH has remained unknown until recently. HSCs comprise at least two major populations. The first is the most primitive longterm reconstituting subset of HSPCs (LT-HSPCs). The second is the short-term reconstituting subset of HSPCs (ST-HSPCs), a population which arise from LT-HSPCs and possess limited self-renewal activity. Therefore, studies were designed to identify the population of HSPCs regulated by iPTH. Moreover, since iPTH regulates bone cells only in the presence of T cells [33, 45] , additional studies were designed to determine whether T cells are required for PTH to expand HSPCs. Comparisons of T cell replete mice and T cell deficient mice treated with PTH for revealed that iPTH specifically expands ST-HSCs and does so only in mice with T cells [46] . To determine whether iPTH needs to directly targets T cells to expand HSCs, studies were conducted using PPR T cells -/-mice, a strain with a silent PPR in all T cells [38] . These studies disclosed that iPTH expands ST-HSPCs in control mice but not in PPR T cells -/-mice [46] . To determine whether the stimulatory effects of iPTH on HSPCs might be relevant in BM transplantation studies were conducted to determine whether iPTH increases survival of lethally irradiated mice subjected to BM transplantation. Thee studies revealed that iPTH treatment of either donor or recipient mice increased survival by approximately threefold, but only in the presence of T cells.
Activation of Wnt signaling in both HSPCs and BM stromal cells (SCs) is known to be required for the expansion of HSPCs. This consideration led to the hypothesis that increased production of Wnt10b by iPTHstimulated T cells might lead to Wnt activation and HSCs expansion. Indeed studies revealed that iPTH activates Wnt signaling in SCs through PTH receptor signaling in T cells.
Activation of Wnt signaling has been linked to upregulation of Jagged1 expression in SCs. Increased expression of Jagged1 by SCs is a potential mechanism by which iPTH expands HSPCs [27] . Not surprisingly studies revealed that iPTH increases the expression of Jagged1 in SCs from control mice. By contrast iPTH did not increase Jagged1 expression in SCs from mice lacking T cells or the T cell production of Wnt10b. Together these findings demonstrate that T cells and their production of Wnt10b are required for iPTH to activate Wnt signaling and upregulate Jagged-expression in SCs.
Attesting to the relevance of Wnt10b, iPTH failed to expand ST-HSPCs in mice with T cell specific deletion of Wnt10b. Moreover, iPTH fails to promote HSCs engraftment after BM transplantation in Wnt10b null mice. Additional experiments disclosed that iPTH had no effect on the survival of mice transplanted with BM from Wnt10b null mice. Thus, T cells and Wnt10b are required for iPTH to activate Wnt signaling in HSPs and increase survival after BM transplantation. In summary, direct PTH receptor signaling in T cells and the resulting production of Wnt10b play a pivotal role in the mechanism by which iPTH expands ST-HSCs.
Conclusions
Remarkable progress has been made in understanding how T cells participate in the regulation of bone remodeling and the hemopoietic stem cell niche in health and disease. Progress has been made in recognizing that T cells play an unexpected role in the function of a major calciotropic hormone such as PTH, and therefore in common and clinically relevant forms of bone loss such primary hyperparathyroidism. Much remains to be done especially [46] in translating observations accrued in experimental animals into studies in humans. Strategies to utilize T cells/bone cells interactions as the bases of new therapies also remain to be developed.
